Thin-film Characterization Methods

S1.1. Kelvin probe measurement
Fermi levels of all metal-oxide layers were taken using a KP Technology scanning Kelvin probe system SKP5050 in nitrogen environment at room temperature. S1.2. UV-Vis-NIR spectroscopy UV-Vis-NIR spectra of metal-oxide films were recorded with a Shimadzu UV-2600 spectrophotometer equipped with an ISR-2600Plus integrating sphere.
S1.3. Atomic force microscopy (AFM) measurements
Atomic force micrographs of the films were taken in the tapping mode using an Agilent 5500 AFM in air.
S1.4. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurements
An IONTOF SIMS 5 at 10 -8 torr was used to measure depth profiles with a 2kV Cs + (~75 nA)
sputter beam rastered across a 400 × 400 µm 2 . Positive ions were collected from the central 100 × 100 µm 2 of the sputter crater using a Bi3 + (~1 pA) beam with charge compensation.
S1.5. X-ray photoelectron spectroscopy (XPS) measurements
The surface analysis studies were performed in a UHV chamber (<10 -9 mbar) equipped with a SPECS LHS-10 hemispherical electron analyzer. The XPS measurements were carried out at room temperature using non-monochromatic aluminium Kα X-ray radiation under conditions optimized for maximum signal: constant ΔΕ mode with pass energy of 36 eV giving a full width at half maximum (FWHM) of 0.9 eV for the Au 4f7/2 peak. The analyzed area was an ellipsoid with dimensions 2.5 × 4.5 mm 2 . The XPS core level spectra were analyzed using a fitting routine, which allows the decomposition of each spectrum into individual mixed
Gaussian-Lorentzian components after a Shirley background subtraction.
S1.6. Ultraviolet photoelectron spectroscopy (UPS) measurements
The ultraviolet photoelectron spectroscopy (UPS) spectra were obtained using HeI irradiation with hν = 21.23 eV produced by a UV source (model UVS 10/35). During UPS measurements the analyzer was working at the Constant Retarding Ratio (CRR) mode, with CRR = 10. The work function (Φ) was determined from the UPS spectra by subtracting their width (i.e. the energy difference between the analyzer Fermi level and the high binding energy cutoff), from the HeI excitation energy. For these measurements a bias of -12.29 V was applied to the sample in order to avoid interference of the spectrometer threshold in the UPS spectra.
S1.7. Electron microscopy measurements
A transmission electron microscope operating at an accelerating voltage of 300 kV (Titan 80-300 Super Twin, FEI Company) was used to acquire cross-section micrographs. Charged couple device (CCD) camera (Model: US4000, Gatan Inc.) was used to record HR-TEM images. Samples were prepared on a focused ion beam (FIB; Helios 400s, FEI) equipped with a nanomanipulator (Omniprobe, AutoProbe300) with lift-out method. Electron beam assisted carbon and platinum deposition was performed on the sample surface to protect the thin film surface against the ion beam bombardment during ion beam milling. Ga ion beam (30 kV, 9
nA) was first used to cut the sample from the bulk (30 kV, 9 nA), after which it was attached to a Cu grid using a lift-out method. The sample was subsequently thinned down to ca. 50 nm thickness (30 kV, 93 pA) and cleaned (2 kV, 28 pA) to get rid of areas of the sample damaged during the thinning process. Figure S1 . (a) XPS survey spectra of a Ga2O3 film deposited on a glass/ITO substrate. (b) and (c) shows the XPS spectra of Ga 2p, Ga 3d core level peaks respectively, and (d) the XAE spectrum of Ga LMM Auger transition. The binding energy of Ga 2p3/2 is 1118.8 eV assigned to Ga2O3 whereas the Ga 3d peak analyzed into two components assigned to Ga 0 (18.5 eV) and Ga2O3 (20.9 eV). [1] [2] [3] The inelastic mean free path, λ, of electrons with kinetic energy 367.8eV for Ga 2p3/2, λGa2p3/2 ~ 0.9nm, is three times less than that of electrons with kinetic energy 1066.7eV for Ga 3d, λGa3d ~ 2.66nm through an inorganic matrix. Furthermore, the Ga 2p peak can be detected only under the presence of the Ga2O3 component. Since 95% of the measured information obtained by XPS comes from within three attenuation lengths from the sample surface, one can, therefore, conclude that the Ga2O3 covers the Ga film. Using the intensity ratio of the photoelectron peaks components of Ga3d and the appropriate equations and parameters we calculate that the thickness of Ga2O3 is 2.5 nm (± 0.1 nm) and the thickness of the underlying Ga layer is 0.5 nm (± 0.1 nm). . [4] [5] [6] The O1s peak in In2O3 generally can be deconvoluted into three different components -~530 eV: O in oxide lattices without vacancies, ~532.0 eV: O in oxide lattices with vacancies and ~533 eV: O in hydroxide-related species. [7] From Figure S2 (c) the obtained O1s peak consists of two main energies at ~530 eV and ~532 eV. Such a result reveals a high-quality In2O3 layer can be achieved with this aqueous-based precursor system since only a minimum (barely observable) hydroxide-related content could be found in the final film stage. [8] .0 (± 0.1) eV and the Zn 2p3/2 is found at 1021.7 eV binding energy both assigned to ZnO. [9] [10] The O1s envelope obtained here can be deconvoluted into two main peaks that are located below 530 eV (O 2− in ZnO wurtzite structures) and over 532 eV (aqueous adsorbates on the surface of ZnO or Zn-hydroxide species). [11] [12] The observation of hydroxide-related groups can be attributed to the re-adsorption of ambient moisture on the reactive ZnO surface and/or the existence of unconverted precursor impurities. Figure S4 . UPS spectra used to determine the valence band edge from the vacuum level. Extracted values were ~6.99 eV, ~7.85 eV and ~8.38 eV for ZnO, In2O3 and Ga2O3, respectively. The work function of the reference ITO electrode was ~4.73 eV. To be noted that the obtained ionized energies here have good agreement with previously reported data in the literature works. [13] [14] Figure S6 . (a) UV-Vis-NIR transmission spectra of the blank quartz substrate, Ga2O3, In2O3, ZnO, QSL-I and QSL-III structures. The existence of discrete oxide layers in the case of QSLs, are found in the optical absorption measurements from which a superposition of the absorption spectra of the individual oxides is observed. Tauc analysis of the absorption spectra of QSL-I and QSL-III yields a similar band gap to ZnO (~3.35 eV), i.e. the smallest bandgap material in the stack. [15] Therefore we conclude that formation of well-defined hetero-junctions and QSLs with good quality hetero-interfaces is possible via sequential spin casting of the different oxides. This result is in agreement with the XRR and SIMS measurements (Figure 2b-c and Figure S7 ). Tauc plots of three metal oxide films: (b) ZnO, (c) In2O3, and (d) Ga2O3. The extracted optical bandgaps are 3.36 eV, 3.87 eV, and 4.95 eV for ZnO, In2O3, and Ga2O3, respectively. These results are in good agreement with the data reported in the previous works. [14, [16] [17] Table  S4 . Figure S11 . Arrhenius plots of the linear field-effect mobility (μLIN) calculated at different gate voltages (VG-VT) for a representative In2O3 transistor. Two discrete operating regimes, one at higher and one at lower temperatures, are observed. Unlike ZnO devices, however, in the case of In2O3 transistors when the VG-VT increases from 10 V to 60 V, the transition temperature -i.e. the temperature separating the two transport regimes -decreases from 245 K to 190 K. A summary of the high temperature range EA calculated for the In2O3 transistor is given in Table S4 . From these results we conclude that for ZnO and In2O3 the thermal energy (kT) for temperatures above the characteristics transition temperature is comparable to the energy range of the gap states and large enough to induce thermally activated free electrons in the channel. Figure S12 . Arrhenius plots of the linear field-effect mobility (μLIN) calculated at different gate voltages (VG-VT) for an In2O3/ZnO transistor. After an initial drop, the electron mobility remains constant for a wide temperature range (77-250 K). For T > 250 K a thermally activated electron transport process (EA ~19.8 meV) is observed. A summary of the calculated EA in the high temperature range is given in Table S4 . Importantly, the device show higher electron mobility with a reduced temperature dependence. This is most likely attributed to the conduction band bending at/near the heterointerface(s) where free electrons can migrate to and fill the conduction-band tail states as well as the quasi "2DEG" states owing to the internal electric field built up. [19] This hypothesis can be further studied by analyzing the percolation threshold voltage (VP) of each device (see Figure S17 ). The EA values calculated at 220-230 K for the QSL-II transistor are summarized in Table S4 . Table S4 ) are observed across the entire temperature range investigated. We attribute this to the beneficial role that the Ga2O3 interlayer has on the structural and electronic properties of the interface. We note that the electron mobility values calculated for the QSL-III transistors are significantly higher than values extracted for QSL-I transistors. The percolation threshold voltages calculated for the QSL-III transistors ( Figure S16 ) are found to be consistently lower than VP values calculated for transistors based on QSL-I channels. QSL-I QSL-III Figure S16 . Electron field-effect mobility measured in the linear regime (μLIN) versus applied gate field (VG) for the different transistors studied. Using these data the electron transport processes within the channel was further analysed by studying the gate field dependence of electron mobility given as; µlin = K(VG -VT,P) γ where, VT, and VP are threshold voltage and percolation threshold, respectively, with the appropriate chosen values for K and γ. [20] It has been shown that a γ value close to 0.7 would indicate a trap-limited charge (TLC) transport process whilst a value close to 0.1, a percolation dominated conduction (PC) process. [20] Electron transport in single layer transistors is dominated by the TLC mechanism with γ values ~0.95 and ~0.86 for ZnO and In2O3, respectively. In contrast, QSL-I and QSL-III transistors show similar characteristics with a clear PC behaviour. The only apparent difference was a lower VP extracted for the QSL-III transistor. Figure S17 . For transistors that do not exhibit percolation conduction behaviour (e.g. ZnO, In2O3, heterojunction, and QSL-II based transistors), the VP can be derived by plotting EA as a function of (VG-VT) and then linearly extrapolating to the intersection at EA = 0 eV. [18] The VP values for ZnO, In2O3, heterojunction and QSL-II devices can then be obtained yielding 145 V, 110 V, 98 V and 72 V, respectively. A clear improvement in charge transport (indicated by the lower VP value extracted) can be observed for heterointerface-based transistors as compared to single oxide layer devices. These results provide further direct evidence on the beneficial role that the low-dimensional oxide heterointerfaces play on the overall transistor operation and performance. [21] n/a n/a 39.4 Sputtering 600 [22] 5 n/a n/a Sputtering 350 [23] n/a 9.2 n/a MOCVD 450 [24] n/a 8.9 n/a MOCVD 450 [25] n/a 140 130 MBE 750 [26] n/a 80 n/a MBE 350 [27] 180 n/a n/a MBE 500 [28] ZnO/Al2O3 27.8 n/a n/a ALD 200 [29] ZnO/HZO 6.3 n/a n/a ALD 200 [30] *Electron mobility values measured at room temperature **Processing temperatures ***Electron mobility calculated from low operation voltage QSL-based transistors made on glass **** Not available (n/a) 
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